




The eternal mystery of the world is it’s comprehensibility
— Albert Einstein
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Abstract
Gravitational lensing - the deflection of light by gravity - has greatly developed since its famous
first observation in 1919, which validated Einstein’s General Theory of Relativity. The strength
of this effect does not depend on the nature of the mass which produces the gravitational
field and thus it is a great tool to weigh both the visible and the invisible parts of the universe.
Consequently gravitational lensing has become a pillar of observational cosmology over the
last decades, and it is used to study the nature of Dark Matter and Dark Energy, the two
mysterious quantities which dominate our universe, but are not yet understood by physics
theory. The success of this endeavor rests on a thorough understanding of lensing theory and
observations, including their systematics, the availability of a sufficient amount of precise data,
and the development of efficient software to precisely measure these lensing effects in digital
astronomical images.
This thesis presents advanced techniques which can improve several of these areas. In the
first part, we develop a new theoretical method to break the mass-sheet degeneracy, which
prevents accurate mass determinations from lensing observations. The second part focuses on
spectroscopic data from MUSE, a second-generation Integral-Field Spectrograph installed on
one of the largest ground-based telescopes on earth. We present a pipeline which permits the
efficient determination of the redshift of a source observed by MUSE. The redshift indicates
the distance of the source from us and depends on the expansion of the universe. In addition,
we use MUSE observations of a galaxy cluster to improve the determination of its total
weight, including the dominant Dark Matter component. In the third part of this thesis, we
investigate how we can accelerate the computation of these mass maps. In the era of big data
and large surveys, computing efficiency is key to obtaining new scientific insights. We use
High Performance Computing techniques like graphics card acceleration to improve the code
performance and we develop a method which harnesses extra performance from using single
precision without loosing the required accuracy. In the last section, we present first results
from measuring flexion, a higher order lensing effect which could substantially increase the
resolution of lensing mass maps and thus lead to a sharper view of structure in the universe.

Key words: astrophysics, cosmology, cosmological parameter, dark matter, flexion, gravitational
lensing, graphics card acceleration, high performance computing, lens modeling, mass-sheet
degeneracy, redshift, spectroscopy, software, theory, wavelets
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Résumé
L’effet de lentille gravitationnelle - la déflexion de la lumière par la gravité - s’est beaucoup
développé depuis la première observation en 1919, la première validation expérimentale de
la théorie de la Relativité Générale d’Einstein. L’importance de l’effet ne dépend pas de la
nature de l’objet qui agit comme lentille, ce qui en fait un outil puissant pour peser à la fois
l’univers visible et sombre. L’effet de lentille gravitationnel est donc devenu un des piliers de la
cosmologie observationnelle des dernières décennies. Il est utilisé pour étudier la nature de la
matière sombre et de l’énergie sombre, deux quantités mystérieuses qui dominent notre univers,
mais qui ne sont toujours pas comprises. Leur compréhension passe par une connaissance
approfondie de la théorie de l’effet lentille et des observations, y compris de leur systématiques,
l’accès à un volume suffisant de données, et le développement d’outils d’analyses efficaces qui
mesurent précisément ces effets dans les images astrophysiques digitales.
Cette thèse présente des technique avancées qui permettent des avancées dans plusieurs des
domaines cités au-dessus. Dans la première partie, nous développons une nouvelle méthode
théorique pour lever la dégénérescence de masse du déflecteur, qui empêche une mesure
exacte de la masse dans des observations lentillées. La deuxième partie se penche sur des
données spectroscopiques provenant de MUSE, un instrument de deuxième génération qui
permet la spectrographie intégrale de champ, installé sur l’un des plus grand télescope au
sol. Nous présentons une méthode qui détermine efficacement le décalage vers le rouge d’une
source observée par MUSE. Le décalage vers le rouge indique la distance nous séparant de la
source, ce qui dépendant de l’expansion de l’univers. De plus, nous utilisons des observations
MUSE d’un amas de galaxies pour améliorer la détermination de sa masse totale, y compris la
partie sombre dominante. Dans la troisième partie, nous investiguons comment nous pouvons
accélérer la modélisation numérique de ces cartes de masse. Nous utilisons des principes de
calculs à haute performance, comme l’accélération graphique, pour améliorer les performances
et développons une méthode qui exploite toute la performance des calculs à précision simple
sans perdre en précision. Dans la dernière section, nous présentons les premiers résultats de
mesure de flexion, un effet d’ordre élevé, qui pourrait augmenter sensiblement la résolution des
cartes de masses et donc conduire à une meilleure compréhension de la structure de l’univers.

Mots clefs : astrophysique, cosmologie, paramètre cosmologique, matière sombre, flexion, effet
de lentille gravitationnel, accélération graphique, calculs à haute performance, modélisation de
lentilles, dégénérescence de masse du déflecteur, décalage vers le rouge, spectroscopie, logiciel,
théorie, décomposition en ondelettes
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Zusammenfassung
Der Gravitationslinseneffekt - die Ablenkung des Lichts durch die Schwerkraft - hat sich seit
seiner ersten Beobachtung im Jahre 1919, die die Einstein’sche Allgemeine Relativitätstheorie
bestätigte, enorm entwickelt. Die Stärke dieses Effektes hängt nicht von der Natur der
Masse ab, die das Gravitationsfeld erzeugt, und aus diesem Grund ist dieser ein grossartiges
Werkzeug um sowohl die sichtbaren als auch die unsichtbaren Teile des Universums zu wiegen.
Daher wurde der Gravitationslinseneffekt in den letzten Jahrzehnten zu einem Stützpfeiler der
beobachtenden Kosmologie und er wird benutzt um die Beschaffenheit der dunklen Materie
und der dunklen Energie zu untersuchen. Diese zwei mysteriösen Messgrössen dominieren unser
Universum, aber sie können von der physikalischen Theorie noch nicht hinreichend erklärt
werden. Der Erfolg dieses Forschungsunterfangens beruht auf einem genauen Verständnis
von Theorie und Beobachtung des Linseneffektes, einschliesslich ihrer Systematiken, auf der
Verfügbarkeit einer ausreichend grossen Menge von präzisen Daten, und auf der Entwicklung
von effizienter Software um den Linseneffekt in digitalen astronomischen Bildern präzise zu
messen.

Diese Arbeit präsentiert fortgeschrittene Techniken, die mehrere dieser Bereiche verbessern
können. Im ersten Teil entwickeln wir eine neue theoretische Methode um die Massen-
flächenentartung aufzuheben, die akkurate Massenbestimmungen durch Beobachtungen des
Linseneffektes verhindert. Der zweite Teil konzentriert sich auf spektroskopische Daten von
MUSE, einem Spektrographen der zweiten Generation für das gesamte Sichtfeld, der an einem
der grössten terrestrischen Teleskope der Welt angebracht ist. Wir präsentieren eine Pipeline,
die die effiziente Bestimmung der Rotverschiebung einer mit MUSE beobachteten Lichtquelle
erlaubt. Die Rotverschiebung gibt die Entfernung der Lichtquelle von uns an und hängt von der
Expansion des Universums ab. Zusätzlich benutzen wir Beobachtungen eines Galaxienhaufens
mit MUSE, um die Messung von dessen Gesamtgewicht einschliesslich des dominanten dunkle
Materie Anteils zu verbessern. Im dritten Teil dieser Arbeit untersuchen wir, wie wir die
Berechnung dieser Massenlandkarten beschleunigen können. In der Ära grosser Datenmengen
und umfangreicher Vermessungen ist die Berechnungseffizienz ein Schlüsselelement um neue
wissenschaftliche Erkenntnisse zu gewinnen. Wir benutzen Techniken des Hochleistungsrech-
nens wie Grafikkartenbeschleunigung um die Codeleistung zu verbessern und wir entwickeln
eine Methode, die zusätzliche Leistung gewinnt, indem sie einfache Genauigkeit benutzt ohne
die notwendige Exaktheit zu verlieren. Im letzten Teil präsentieren wir erste Ergebnisse von
einer Messung der Beugung. Diese ist ein Linseneffekt höherer Ordnung, der die Auflösung
der Massenlandkarten, die durch den Linseneffekt gewonnen werden, beträchtlich erhöhen und
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Zusammenfassung

damit zu einer schärferen Sicht auf die Strukturen im Universum führen könnte.

Stichwörter: Astrophysik, Kosmologie, kosmologischer Parameter, dunkle Materie, Beugung,
Gravitationslinseneffekt, Grafikkartenbeschleunigung, Hochleistungsrechnen, Linsenmodel-
lierung, Massenflächenentartung, Rotverschiebung, Spektroskopie, Software, Theorie, Wavelets
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1 Introduction

The development of Albert Einstein’s Theory of General Relativity a bit over a hundred years
ago was a milestone for physics. It describes gravity in a beautiful, geometric framework and
it has lead to several wonderful applications - not only in astronomy, but also in tools which
we use on a daily basis like the GPS navigation system.

One of these applications, namely gravitational lensing, has truly prospered over the last
decades. It is almost a miracle of technological and scientific progress that we can measure
tiny distortions in the shapes of galaxies which existed billions of years in the past - and we
can even use it to study the universe! Einstein himself did not see this coming - it was the
astronomer Fritz Zwicky who predicted that gravitational lensing must necessarily be observed
and will be very useful to study Dark Matter and cosmology.

Indeed, he was absolutely right. Today, astronomers are using the strong lensing effect,
which greatly distorts observed images and even produces multiple images of the same source,
to study the distribution of Dark Matter in galaxies and clusters of galaxies - and subsequently
they use the magnification effect of these clusters as cosmic telescopes to look even deeper
into the universe. Other scientists use the weak lensing effect, tiny distortions of the galactic
isophotes, to study the large scale distribution of matter in the universe and infer knowledge
about Dark Energy, the mysterious energy field which accelerates the expansion of the universe.
It is even feasible to observe colliding galaxy clusters and to compute upper bounds on the
Dark Matter self-interaction by using the gravitational lensing effect.

None of these applications, however, would be possible without the advancement of technology
in recent decades. Ever increasing telescope sizes, CCD cameras, and adaptive optics deliver
fantastic observational data which is the fuel of lensing science. Similarly, the exponential
development of computer power facilitated the use of more and more sophisticated algorithms
and image processing techniques, which have in turn dramatically improved the scientific yield
from lensing.
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Chapter 1. Introduction

The last decade ushered in the age of precision cosmology, and when the statistical er-
ror bars shrink to the percent-level, systematic effects start to become relevant. The current
decade leads us on a straight path towards big data cosmology and with the upcoming
telescope generations this will soon become a reality - at the very latest once the SKA radio
telescope is operational, which will produce more data than the whole current Internet.

For these reasons, we have investigated several areas of gravitational lensing - theory, obser-
vation, modeling, and shape measurement - and we have developed advanced techniques to
ameliorate some of their difficulties.

The outline for this thesis is as follows. In the next chapter, we give an introduction
to cosmology and the history of the universe. We introduce the mathematical formalism which
is required in the remainder of this thesis. In the third chapter, we introduce gravitational
lensing and its mathematical formalism. After that, we present a new theoretical method to
break the mass-sheet degeneracy of gravitational lensing. In chapter 5, we present a software
pipeline for the efficient extraction of redshifts from astronomical data and we show that we
can use these redshifts to construct an improved lens model of a galaxy cluster. In chapter six,
we study the potential of High Performance Computing techniques to accelerate a widely used
lens modeling software. In chapter seven, we present first results for a measurement software
for flexion, a higher order lensing effect with great potential which is difficult to measure. We
conclude in chapter eight.
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2 Modern cosmology

2.1 The cosmological standard model in a nutshell

In this section we give a concise overview of the history of the universe according to the
standard model of modern cosmology. In the next section, we will show how we have found
out what we know and we introduce the necessary mathematical formalism along the way.
The history and development of our universe is summarized in figure 2.1. The universe began
13.8 billion years ago with a process that is called the “Big Bang”. The newborn universe is a
truly special place. In fact, its physical properties are so extreme that the currently known
laws of physics cannot describe it - we need a unification of general relativity and quantum
mechanics for that purpose, and this “Theory of Everything” has yet to be found. Right after
its birth, the universe expands exponentially during the so-called “inflationary phase”. Within
… 10¡30 seconds, it reaches a size that is many orders of magnitudes greater than the total
universe observable today (Linde, 2008). As a result, any inhomogeneities and curvature
of the universe are exponentially diluted. The cosmos which we observe today is flat and
homogeneous on the largest scales (Linde, 2008). The value of the inflation field at a given
position can deviate slightly form the average value in the cosmos due to quantum fluctuations.
Therefore the duration of inflation can slightly differ at two separate locations in the universe.
When inflation ends, the density of the universe starts to decrease with time t as / t¡2.
Consequently, some parts of the universe will have lost less density and some will have lost
more density at a given time and thus they have a slightly higher or lower density than the
average (Linde, 2008). During inflation, all energy is concentrated in the inflation field. Soon
after the end of the inflationary phase, the field begins to oscillate near the minimum of its
effective potential and it produces many elementary particles, which in turn interact with each
other and reach a state of thermal equilibrium (Linde, 2008).

Once the inflationary phase is completed, the universe continues to expand, but at a much
slower rate. Consequently, the universe cools with time. Once the temperature has dropped
so much that no new baryon-anti-baryon pairs are created, essentially all anti-baryons react
with baryons and disappear, but a small rest of baryons survives due to the baryon-anti-baryon

3



Chapter 2. Modern cosmology

Figure 2.1 – Timeline of the universe in the cosmological standard model (Image credit: NASA
/ WMAP Science Team)

asymmetry (Riotto and Trodden, 1999) (see figures 2.2 and 2.3 for an overview of the standard
model of particle physics and baryons). At these energy scales, the unified electroweak force
is already split into the electromagnetic and the weak force (Riotto and Trodden, 1999). Now
we have a plasma consisting of protons, neutrons, electrons, positrons, photons, neutrinos, and
anti-neutrinos in thermodynamic equilibrium (Iocco et al., 2009). The energy density of the
universe is dominated by radiation and relativistic particles (Iocco et al., 2009). The cosmos
continues to expand and cool. When the temperature drops below 2 ¡ 3 MeV (approximately
23 ¡ 34 billion K), the interaction rates of the three flavors of neutrinos with the photons and
the electron-positron pairs become lower than the expansion rate of the universe and the
neutrinos decouple from them (Steigman, 2007). The electron-neutrinos and anti-neutrinos
continue to interact with the baryons until the universe is about 1 second old and the
temperature sinks below 0.8 MeV (… 9 billion K) (Steigman, 2007). Now all the neutrinos
have completely decoupled and are free. Neutrons and protons cease to be in equilibrium and
the neutron-to-proton density ratio freezes out at 1/6 (Steigman, 2007). The ratio lowers with
time due to the decay of free neutrons until the beginning of nucleosynthesis (Iocco et al.,
2009). While the temperature is already below the deuterium binding energy of 2.2 MeV at this
stage, the large photon-nucleon density ratio of about 109 delays deuterium synthesis until the
photo-dissociation becomes ineffective, the so-called deuterium bottleneck (Iocco et al., 2009).
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